GROWTH OF NANOSTRUCTURES WITH CONTROLLED DIAMETER 
Cross-Reference to Other Patent Applications 

This application is a continuation-in-part of US Application Serial No. 10/328857, filed 
December 18, 2002, and claims the benefit of U.S. provisional Patent Application No. 
5 60/341,773, filed 12/18/2001, the subject matter of which are incorporated herein by reference in 
their entirety. 

Statement Regarding Federally Sponsored Research and Development 

This invention was made with government support under Contract Number MDA972-02-1-0010, 
awarded by DAJO^A-DSO, and under Contract Number {########}, awarded by DoE, Office of 
10 Basic Energy Sciences. The Government has certain rights in the invention. 

Background of the Invention 

Nanostructures exhibit technologically important electronic properties and have shown 
promising applications, including nanoscale electronic devices, high strength materials, electron 

15 field emission devices, tips for scanning probe microscopy, and chemical sensors. One example 
of such nanostructures are carbon nanotubes which are seamless tubes of graphite sheets and can 
be either multi-walled (MWNT) or single-walled (SWNT). The structure of the SWNT is 
defined by how the graphite sheet is aligned m a rolled up configuration. Most electronic 
applications of carbon nanotubes require significant amounts of aligned SWNT that are 

20 reasonably homogeneous in diameter, length and helicity, since the electronic properties 

correlate both with the diameter and chirality (twist). Carbon nanotubes can be found in both 
metallic and semiconducting structures. Metallic nanotubes can carry large current densities 
while semiconducting nanotubes can be electrically switched on and off like field-effect 
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transistors (FET's). 

Single-walled carbon nanotubes are typically prepared in the presence of a particulate 
transition metal catalyst, such as V or Co. However, SWNT prepared using such particulate 
catalysts have shown a rather broad distribution of SWNT diameters, with the width of the 
distribution increasing with the SWNT diameter. Catalysts, in particular metal catalysts, tend to 
restructure and sinter under the harsh reaction conditions required for SWNT synthesis, leading 
to the formation of multi-faceted crystals, with each facet potentially initiating the growth of a 
SWNT and contributing to the heterogeneity in diameter and structure. 

As a result, no economically scalable methods exist to date for reliably preparing, separating 
or aligning nanotubes of controlled diameter or cross-sectional area and electronic properties 
either by selective synthesis or through post-synthesis separation. Device development therefore 
is limited by the lack of control in synthesizing clean aligned nanotubes of a specified type. The 
inability to make controlled junctions on a nanometer scale is also a limiting factor in making 
particular electronic devices requiring local gate layout. 

It would therefore be desirable to develop a framework material with improved control of the 
framework's pore size and a process for the growth of nanostructures with controlled chemical 
and physical properties in or on the framework material. 

Summary of the Invention 

The systems and methods described herein are directed to the synthesis of a highly ordered 
transition-metal-substituted mesoporous siliceous framework and to the growth of aligned carbon 
nanostructures with controllable physical properties, such as a predetermined diameter or cross- 
sectional area and a narrow diameter distribution, in or on the framework. 
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According to one aspect of the invention, a method for producing nanostructures with a 
specified diameter or cross-sectional area includes specifying the diameter or cross-sectional area 
of the nanostructure und selecting a mesoporous siliceous framework structure having pores with 
a pore size that has a predetermined dimensional relationship with the diameter or cross-sectional 
5 area of the nanostructure. The mesoporous siliceous framework structure contains metal ions 
dispersed in substitutional sites and forming a source of catalytic sites. The method further 
includes contacting, in a reactor, the mesoporous siliceous framework structure with a carbon- 
containing reactant at a temperature sufficient to produce the nanostructures with the specified 
diameter or cross-sectional area. 

10 According to another aspect of the invention, a catalytic framework structure suitable for 
growth of nanostructures with a predetermined diameter or cross-sectional area includes a 
mesoporous siliceous framework having pores with a certain pore size that contain metal ions 
dispersed in substitutional sites of the framework. The metal ions form a catalytic site when 
contacting a reactant at a temperature sufficient to produce the nanostructures. The size of the 

15 catalytic site is determined by a quantity of metal ions in the mesoporous siliceous framework 
and the radius of curvature of the pores. 

It is thus feasible to grow nanostructures and nanotubes with a defined diameter or cross- 
sectional area and a narrow size distribution by preparing a catalytic framework structure with a 
pore size selected based on a previously established relationship between the pore size and the 

20 diameter or cross-sectional area of the nanostructure. 

Advantageous embodiments of the invention can include one or more of the following 
features. The mesoporic siliceous framework can include Mobil M41S class materials, such as 
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MCM-41 and/or MCM-48. A framework with a specific pore size can be produced by adding a 
surfactant with a predetermined size to an aqueous solution containing a source of silica and the 
metal ions, wherein the pore size correlates with the surfactant size, as determined, for example, 
by the alkyl chain length. The source of silica can be a colloidal silica solution, HiSil-915 and/or 
5 Cab-O-Sil L-90. A pH value between approximately 10.0 and 12.0, preferably between 
approximately 1 1 .25 and 1 1 .75, is maintained during the preparation of the framework. A 
framework with pore sizes ranging between approximately 1.5 and 20 nm can be designed, with 
pore sizes between 1 .5 and 4 nm being of particular interest for the growth of S WNT. 
The surfactant can include CnH2n+i(CH3)3NX with n = 10, 12, 14, 16 and 18, wherein X 

10 represents an anion, such as OIT. The structural properties of the framework can be fiirther 

improved by adding an anti-foaming agent to the solution. The metal ions can include Ti, V, Cr, 
Mn, Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Ft, and mixtures thereof The metal ion concentration in the 
substitutional sites of the framework can be adjusted independently of the pore size. The 
concentration of the metal ions in the substitutional sites of the siliceous framework structure can 

15 be adjusted independent of the pore size, for example between 0.01 wt% to 10.00wt%, preferably 
between 0.10wt% to 10.00wt%. 

The reactant used for producing the nanostructures can include a volatile carbon-containing 
molecule, such as carbon monoxide (CO), whereby the nanostructures are produced by the 
disproportionation of CO. The catalyst can be reduced in a reducing atmosphere, such as 
20 hydrogen, in a temperature range between 300°C and 900°C, preferably between 500°C and 
700°C, before contacting the siliceous framework with the reactant. 

The nanostructures can include nanotubes having open ends, which could enhance their 
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chemical efficacy. The concentration of the metal ions or the pore size of the mesoporous 
siliceous framework, or both, can be adjusted so as to control the electronic characteristics of the 
nanotubes, i.e., the nanotubes can be rendered semiconducting or metallic. In addition, the 
nanotubes can be doped, for example, with boron (for p-type conductivity) and nitrogen (for n- 
5 type conductivity). The nanotubes can be single-wall (SWNT) having a wall thickness of a single 
atom, or multi-wall (MWNT) having a wall thickness of two or more atoms. 

The metal ions in the pore can be reduced by the reductant to form catalytic sites, with a 
radius of curvature of the pores controlling the reducibility of metal ions in the pore walls, and 
possibly also the size and structure of the catalytic sites. 
10 Further features and advantages of the present invention will be apparent from the following 
description of preferred embodiments and from the claims. 

Brief Description of the Drawings 

The following figures depict certain illustrative embodiments of the invention in which like 
15 reference numerals refer to like elements. These depicted embodiments are to be understood as 
illustrative of the invention and not as limiting in any way. 

FIG. 1 is a diagram showing the relationship between surfactant chain length, pore 

diameter and mesoporous volume of Co-MCM-41 catalysts; 
FIG. 2 shows UV-vis and near-IR spectra of S WNTs grown in C 1 2 and C 1 6 templates; 
20 the insert shows a TEM micrograph of an array of SWNTs grown in the C 12 

template; 

FIG. 3 shows a diagram of the SWNT tube size distribution of HF-purified SWNTs 
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determined by nitrogen physisorption; 



FIG. 4 



shows a diagram of the SWNT tube diameter estimated from nitrogen 



physisorption; 



FIG. 5 



shows a diagram with as upper Umit of the diameter of Co clusters determined 



from EXAFS analysis; and 



FIG. 6 



illustrates schematically the expected electronic properties of S WNTs prepared 



using the exemplary Co-MCM-41 framework. 



Detailed Description of Certain Illustrated Embodiments 

10 The method and system described herein are directed, inter alia, to the preparation of 

mesoporous molecular sieve (MPMS) catalytic framework structures with a defined pore size 
and concentration of catalytic metal ions and to the growth of nanostructures, in particular 
carbon single-wall nanotubes (SWNT), in the pores of the catalytic framework structures. 

It is a realization of the inventors that a framework material for the growth of SWNT should 

1 5 preferably allow independent control of both composition and pore size because, if they can be 
varied independently, selective growth of specific forms of metallic or semiconducting SWNT 
can be expected. The term composition refers here generally to the chemical composition, such 
as the concentration of metal ions in the framework, in particular near or at the exposed pore 
walls. Mesoporous materials of the Mobil M41S class (MCM-41 and MCM-48) with metal ions 

20 suitably incorporated in the framework as the source for the catalytic sites can provide the 
desired control of SWNT growth. 

According to the lUPAC definition, mesoporous materials are referred to as materials having 
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pores sizes in a range between about 2.0 nm and 20 nm, now extended to 1 .5 to 20 nm. Unlike 
zeolites which are crystalline materials so that their pore size cannot be varied independently of 
the composition, the M41S class mesoporous materials (MCM-41 and MCM-48) developed by 
Mobil Oil Corporation has a structured pore arrangement with pore diameters ranging from 1 .5 - 
5 4 nm wherein the pore walls are amorphous. The pore structure and pore size can be produced 
independent of the substitution of transition metal ions in the framework (for dilute 
substitutions). A uniform pore distribution and pore size (~ 0.1 nm FWHM uniformity in the 
pore diameter) can be achieved through careful control of the growth process, which will be 
described below. Both the chemical composition and the pore diameter have been found to play a 
10 role in determining the structure of carbon nanotubes formed in the pores. 



Example: Synthesis of Co-MCM-41 

Co-MCM-41 with cobalt as the catalytic active component in the silica framework resulted in 

isolated cobalt ions in the pore walls. Co-MCM-41 samples synthesized under various conditions 
1 5 were investigated by various characterization techniques, such as nitrogen physisorption, XRD, 

TEM, diffuse reflectance (DR) UV-Vis spectroscopy, and X-ray absorption. 

Silica synthesis sources were HiSil-915 from Pittsburgh Plate Glass (PPG), and tetramethyl- 

ammonium silicate (10wt% silica, SACHEM Inc.). The Co source was C0SO4XH2O (Aldrich 

Chemical Co.). The quaternary ammonium surfactants CnH2n+i(CH3)3NBr with n = 12, 14, 16 
20 and 1 8 were obtained from Aldrich Chemical Co., and with n = 10 from American Tokyo Kasei. 

The surfactant solutions were prepared by ion-exchanging the 29wt% (CIO and CI 2), 20wt% 

(C14 and C16), and 10wt% (C18) of CnH2n+i(CH3)3NBr aqueous solution with equal molar 
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exchange capacity of Amberjet-400 (OH) ion-exchange resin (Sigma Co.) by overnight batch 
mixing. The anti-foaming agent was Antifoam A from Sigma Co., a silane polymer alkyl 
terminated by methoxy groups. Acetic acid (Fisher Scientific) was used for pH adjustment of the 
synthesis solution. The pH was adjusted to values between 10 and 12, preferably between 1 1.25 
5 and 11.75. In the experiments described below, the pH value was maintained at 1 1 .5 ±0. 1 . 
Specific samples are hereafter designated by the alkyl chain length of the surfactant used (e.g. 
ClOCo-MCM-41). 

Since only the hydroxyl anion (OH") is important for the process, other halogens can be 
used besides Br, for example CI. 

10 In one example, HiSil-91 5, tetramethyl-ammonium silicate and the Co aqueous 

solutions were mixed for 30 min to produce Co-MCM-41. The water-to-total silica ratio \vas 
varied from a H20/Si mole ratio 74.4 to 86, based on the surfactant chain length. The 
surfactant solution was added to the prepared mixture of silica and metal and a small amount of 
anti-foaming agent (0.2 wt% of surfactant) was incorporated to remove excess foam produced by 

1 5 the surfactant. Acetic acid was added until a pH=l 1 .5 was reached, where the pH level was 

maintained. After additional mixing for about 30 min, this synthesis solution was poured into a 
polypropylene bottle and placed in the autoclave at 100°C for 6 days. After cooling to room 
temperature, the resulting solid was recovered by filtration, washed with deionized water and 
dried under ambient conditions. After drying, the solid was calcined by heating from room 

20 temperature to 540''C for 20 hours under flowing He (30 ml/min), held for 1 hour at 540°C in 
flowing He, followed by 6 hour calcination at 540°C under flowing air to remove residual 
organics. The molar ratio of each component in the synthesis solution was controlled at Si02 : 
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surfactant : Co : H2O = 1 : 0,27 : 0.01 : X (X = 74.4 - 86). Because the preparation process may 
cause some loss of Co and silica in the by-products, the final Co content of each sample was 
determined by ICP. A pure siliceous MCM-41 (without the addition of the metal salt to the 
synthesis solution) was also prepared with the same procedure as used for Co-MCM-41. Other 
5 suitable sources providing a supply of silicon are, for example, a colloidal silicon solution and 
Cab-O-Sil L-90. 

Nitrogen adsorption-desorption isotherms were measured at -196°C with a static 
volumetric instrument Autosorb-lC (Quanta Chrome) to determine the pore size distribution. 
Other complementary techniques, such as HR-TEM, were also used to confirm the structure and 

10 the pore size. X-Ray diffraction (XRD) measurements were carried out to check if the prepared 
Co-MCM-41 has the characteristic hexagonal pore structure after calcination and reaction. The 
pore wall thickness was calculated from the XRD relationship between the lattice parameter and 
the spacing (a© = 2dioo/V3) and the aforementioned N2 physisorption results. 

Nitrogen physisorption was used as a standard method to compare the structure of each 

15 sample because it shows the volimie averaged value, imlike XRD or TEM, which only probes a 
limited part or volume of the samples. The full width at half maximum (FWHM) of the pore size 
distribution (PSD) curve and the slope of the capillary condensation in the isotherms were 
determined for each sample and used as structure indices for comparisons. All samples show 
capillary condensation suggesting the Co-MCM-41 samples were successfully synthesized for all 

20 the employed surfactant chain lengths. 

FIG. 1 depicts the relationship between surfactant chain length (CIO ^ CIS), pore diameter 
and mesoporous volume of the exemplary Co-MCM-41 catalysts. Both the pore size and the 
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corresponding pore volume increased linearly with the surfactant chain length. This implies that 
the pore size and the mesoporous volume can be precisely controlled using the synthesis method 
described in this study. The mesoporous volume, defined herein as the volume of pores with 
diameters below 10 nm, also shows a linear dependence on the surfactant chain length. This 
5 control shows potential for controlling the size and the amount of carbon nanotubes produced in 
the pore system of these catalytic framework materials. Similar results can be expected with 
transition metals other than Co, such as Ti, V, Cr, Mn, Fe, Ni, Ru, Rh, Pd, Os, Ir, Ft, and 
mixtures thereof, incorporated MCM-41 samples prepared following the method described above 
for Co. 

10 All samples (CIO ^ CI 8) were characterized by XRD to confirm the MCM-41 structure. As 
expected firom the nitrogen physisorption results, the MCM-41 framework structure is extremely 
well ordered. 

DR UV-vis spectroscopy and X-ray absorption near edge structure (XANES) experiments 
confirm the absence of octahedrally coordinated, extra framework cobalt on the surface of the 

15 pores, suggesting a complete substitutional incorporation of cobalt in the silica framework. All 
samples were synthesized based on the initial concentration of lvv^% Co. The actual cobalt 
fraction in MCM-41 as determined by ICP analysis is listed in Table 1. The apparent loss of 
cobalt may be attributed to loss during sample synthesis. Each sample contains between 0.66 and 
0.68wt% of cobalt, regardless of the surfactant chain length. The number of cobalt atoms per 

20 pore was calculated using equation (1) with the following assumptions as: (1) straight cylindrical 
pore of lOOnm length (by TEM), (2) wall thickness is Inm (by XRD, N2 physisorption, and 
TEM), (3) constant wall density that is equal to amorphous silica. 
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Nco = V2 n [(O.D./2)^ - (LD./2)^] L p M An (1) 
where, Nco = number of cobalt atoms per pore 
O.D. = outside diameter of a pore 
ID. = inside diameter of a pore 
5 L = pore length ( 1 OOnm) 

p = density of silica (2.2g/cm^) 

M = total number of moles of cobalt atoms per unit mass (mol/g) 
An = Avogadro number 



Sample 


Metal loading 
(wt%) 


Analysis 


wt% 


CIO Co-MCM-41 


1.0 


cobalt 


0.68 


C12 Co-MCM-41 


1.0 


cobalt 


0.68 


C14 Co-MCM-41 


1.0 


cobalt 


0.66 


C16 Co-MCM-41 


1.0 


cobalt 


0.66 


TAE 


JLEl 



10 When the total pore volume, including inter-particle spaces, is considered, the number of 

cobalt atoms increases with increasing surfactant chain length. However, when only the 
mesoporous volume (< lOnm) is considered, samples with different pore sizes show almost the 
same number of cobalt atoms per pore. This suggests that most of the cobalt atoms are 
distributed in the pores evenly (40'-50/pore), and that precisely controllable Co-MCM-41 

1 5 samples can be successfully synthesized for S WNT production. 

To determine how much cobalt can be incorporated substitutionally in the silica framework, a 
series of Co-MCM-41 samples (0.1-5wt% Co-MCM-41) were synthesized and characterized by 
nitrogen physisorption. A cobalt content below 1 wt% (actual concentration is approximately 
0.67wt%, as mentioned above) does not appear to affect the structure. Up to a certain amount of 
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metal, incorporation of cobalt improves the structure of MCM-41 by "knitting" the defective 
amorphous structure of the silica polymer, which results in a pore size increase while 
maintaining unimodal pore size distribution. This "knitting effect" of cobalt starts from lwt% 
(initial concentration) so that a cobalt content below lwt% is most likely insufficient to affect the 
5 structure. A large jump in the pore size accompanied by a bimodal pore size distribution was 
observed for a sample with 5wt% cobalt, which may be attributable to a void volxmie created by 
extra cobalt oxide in the framework. Accordingly, it can be postulated that a maximum amount 
of about 4wt.% Co may be incorporated in the MCM-41 framework without affecting the 
structure. 

10 Different synthesis methods and materials have different crystallization times for the 
formation of an optimal MCM-41 structure. Co-MCM-41 samples were synthesized with 
different crystallization times (10 to 192 hours) at two different temperatures (100 and 150°C). 
Experimental resuhs suggest a preferred crystallization temperature of 100°C, and an optimum 
crystallization duration of 4 days for siliceous MCM-41 and 6 days for Co-MCM-41, 

15 respectively. 

MCM-41 framework structures for SWNT growth must be stable under carbon deposition 
(reducing condition) and oxidation cycling. Co-MCM-41 sample treated under various 
conditions to test its stability under a range of reaction conditions. The treatment conditions 
intended to simulate reaction conditions were as follows: reduction at 550°C for 2 hours with 5% 
20 Hi/He, re-oxidation at SSO^'C for 5 hours under air, hydrothermal treatment at SSO'^C for 5 hours 
in an air flow saturated with water vapor, and mechanical compression in a pellet press for 3 min 
at -392 MPa. Independent of the treatment performed, all samples showed unmodified XRD 
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and XANES patterns, suggesting that the pore size distribution for each sample remained 
unchanged. Finely dispersed cobalt atoms in the pore walls may maintain isolated local 
coordination so that they do not aggregate easily under reducing or oxidizing conditions. 
Consequently, Co-MCM-41 synthesized by the method described above is stable at temperatures 
5 under 550°C. 

The resulting metal-substituted MCM-41 was found to have a parallel pore structure with 
hexagonal symmetry. The amorphous silica walls are less than 1 nm thick, as determined by low 
angle X-ray diffraction. 

Table 2 lists the pore diameters and the FWHM of the pore distribution as well as the actual 
10 Co loading of Co-MCM-41 framework structures prepared with different surfactant chain 
lengths (CIO -> CI 8). Nominal Co loading was 1 wt.% for all samples. 



Surfactant chain length 
(Catalyst) 


Pore diameter 
(nm) 


FWHM 
(nm) 


Co 

(actual wt.%) 


CIO (Co-MCM-41) 


1.90 


0.39 


0.68 


C12 (Co-MCM-41) 


2.23 


0.31 


0.68 


C 14 (Co-MCM-41) 


2.5 


0.22 


0.66 


C16 (Co-MCM-41) 


2.84 


0.22 


0.66 


C18 (Co-MCM-41) 


3.2 


0.25 





Table 2 



The pore wall thickness was determined to be about 0.6-0.8 nm, with almost no change in the 
1 5 wall thickness for pore sizes in the range of 2-4 nm. The thin walls and the closely spaced 

(hexagonal) arrangement of the pores makes possible arrays with a high density of SWNT which 
has advantages for densely-packed electronic devices, chemical sensors and the like. The walls 
of the framework were found to be amorphous and are hence able to incorporate approximately 1 
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wt.% metal ions without affecting the wall structure. Cobalt and other first row transition metal 
ions, such as Ti, V, Cr, Mn, Fe, Co, Ni, and group VIII metals, such as Ru, Rh, Pd, Os, Ir, Ft, and 
mixtures thereof, can isomorphously replace Si"*^ in a pseudo-tetrahedral coordination. 

5 Stability of the CI 6 MCM-41 Framework and Synthesis of Nanotubes 

The controlled pore size and wall chemistry of metal-substituted MPMS catalytic fi-amework 
structures, and more particularly the aforedescribed Co-MCM-41 firamework structures, are 
relevant to the growth of carbon SWNT with controlled physical properties, such as tube 
diameter and possibly tube helicity, which can also determine the electronic properties of the 
10 SWNTs. 

The stability of the catalytic Co-MCM-41 framework was tested separately. Prior to the 
growth of SWNTs, the sample was heated to 900°C at a constant temperature ramp of 10°C/min 
under flowing oxygen, and then cooled to 750°C under flowing argon. After this pretreatment, 
the framework was exposed to flowing CO for 4 hours and then allowed to cool to ambient 

15 temperature under argon flow. This treatment will be further referred to as one cycle. It was 
observed that the catalyst structure starts to change after 3 cycles, but still preserves its 
hexagonal structure even after the 4* cycle. This result shows that the Co-MCM-41 synthesized 
following the method described here is a highly stable catalytic framework for SWNT 
production under harsh reaction conditions. Analysis by nitrogen physisorption gave no evidence 

20 of significant structure collapse between reaction cycles. The pore size of the reacted samples 
decreased by approximately 0.3 nm compared to the firesh sample, but this may result firom 
additional contraction and dehydroxylation due to the high temperature treatment. 
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Exemplary carbon nanotubes were grown in Co-MCM-41 framework structures having a 
parallel system of pores with pore diameters. Two different Co-MCM-41 catalysts were used in 
this study, one with pore size of 3.3nm and the other with a pore size of 2.6nm, as determined by 
High Resolution Transmission Electron Microscopy (HR-TEM). The SWNTs are uniform in 
5 diameter and spacing. The pore size distribution in the Co-MCM-41 catalysts measured by 

nitrogen physisorption in a static volumetric instrument Autosorb-lC (Quanta Chrome) is of the 
order of 0.1 nm full width half maximum (FWHM). 

The SWNTs described below were synthesized by CO disproportionation, also referred to as 
Boudouard reaction. The Co-MCM-41 catalyst was packed in a 10 mm internal diameter quartz 

10 reactor, heated in flowing oxygen to 750°C, purged for 10 minutes with argon and then reacted 
with CO for 2 hours. In addition, before reaction the catalyst can be heated in flowing hydrogen 
to 500°C at 20°C/min and held at that temperature for 15 minutes. The reactor was subsequently 
flushed with Ar and the temperature was further raised at 20°C/min to 750°C under flowing Ar. 
The Boudouard reaction was carried out for 1 hour at 750°C in pure CO atmosphere, then the 

1 5 catalyst was again flushed with Ar and cooled to room temperature in Ar. 

As synthesized samples and purified carbon nanotubes samples were characterized by 
HR-TEM, Raman Spectroscopy, UV-vis and Near-IR spectroscopy. The purification process 
consisted in template removal by ultrasonication for four hours in 48% HF to dissolve the silica 
and the cobalt from the sample. Nitrogen physisorption was also used to determine the diameter 

20 of the tubes removed from the catalyst, and measure the pore size distribution of the templates at 
different stages in the process. 
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FIG. 2 shows the UV-vis and near-IR spectra for the nanotubes grown in hydrogen pre- 
reduced C12 and C16 catalysts, along with a TEM image (insert) showing the diameter 
uniformity of the SWNTs grown in the hydrogen pre-reduced C12 template. The peak complex 
in the visible region was previously assigned to the first Van Hove transition of metallic tubes, 
5 while the peaks in the NIR region were attributed to the E22 interband transitions of the 

semiconducting tubes. The red shift of the E22 transition of the CI 2 sample in the NIR region is 
direct evidence for a smaller diameter of SWNTs grown in the CI 2 template. However, the 
spectral feature in the visible domain (assigned to the metallic tubes) is apparently centered at a 
similar wavelength for both samples. 

10 FIG. 3 shows the diameter distribution as measured by nitrogen physisorption on purified 
S WNT samples removed from the template by HF treatment. The average diameter values 
measured in the physisorption experiment are 0.68 and 0.76 nm for C12 and CI 6, respectively, 
thus showing a smaller S WNT diameter for the template with smaller pore diameter. The 
differences between the physisorption measurements and the TEM results are most likely due to 

15 the assumption that the wetting angle (used in the Kelvin equation) for liquid nitrogen on carbon 
is zero (see also FIG. 4). Most liquids with low surface tension have a smaller contact angle on 
graphite than on silica. Therefore, physisorption measurements may underestimate the nanotube 
diameter because it was calculated using the same angle as used for the template material, which 
is mostly silica. Although on the same surface (carbon in this case), liquid nitrogen has different 

20 contact angles on walls of different pore diameters because of the pore curvature. Smaller pores 
contact a larger area with the nitrogen molecule than wider pores, resulting in smaller contact 
angle and underestimation of nanotube diameter. These nanoscale phenomena are likely 
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responsible for the differences observed between the diameter measurements by TEM and 
nitrogen physisorption. Also, the relatively wider distribution of tube diameters observed in the 
physisorption results is most likely due to defects created in the SWNT structure during the HF 
treatment and to the interstitial spaces between tubes. Presence of defects may also create 
5 interstitial spaces that act as micropores during physisorption measurements. 

FIG. 4 shows the tube diameter of the SWNTs after removal from the Co-MCM-41 
framework by ultrasonication in 48% HF, as determined from nitrogen physisorption and TEM 
measurements, in dependence of the template pore diameter. As seen from FIG. 4, the diameters 
of the SWNTs produced are significantly smaller than the template pore diameter; however, the 

10 SWNT diameter correlates with the pore diameter, therefore it is likely that control is obtained 
through the effect of the pore size on the size of the metal clusters formed during reduction. This 
is also consistent with the observation that harsher conditions are required to reduce cobalt in the 
MCM-41 framework and the reducibility decreases with the pore diameter. To test this 
hypothesis catalyst samples previously exposed to the SWNT growth, as discussed above, were 

15 investigated by extended X-ray absorption fine structure (EXAFS), which can be used to 
determine the number and the size of nanoparticles. 

Referring now to FIG. 5, a close packing models for cobalt (hep) was used to determine the 
correlation between the average coordination number of the cobalt clusters and their diameters. 
The coordination number determined from the EXAFS spectra of hexagonally closed packed Co 

20 atoms in the metallic clusters present in the C12 and C16 samples after SWNT growth for one 
hour in pure CO at 750^C are plotted on the lower curve showing the dependence of the cluster 
size on the coordination number of cobalt atoms in each cluster. These results suggest that the 
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exemplary catalyst described above contains clusters with no more than 20 or 30 Co atoms for 
the CI 2 and CI 6 samples, respectively. Since the EXAFS spectra show a volume average 
coordination number, the actual metallic cluster in the MCM-41 pore may be even smaller than 
these because metallic particles formed outside the pore system are more mobile and can grow to 
5 larger sizes than those inside the pores. These results are consistent with TEM investigations that 
did not reveal the presence of metallic particles in samples after carbon deposition. The cobalt 
clusters produced with the MCM-41 catalyst using the aforedescribed process are significantly 
smaller than those observed by Alvarez et al. (Alvarez, W.E. et al., Carbon 2001, vol. 39, p. 547) 
with Co-Mo/SiOi catalysts, which have a coordination number of 9.2, even though the present 

10 catalyst was exposed 30 minutes longer to even harsher reaction conditions (i.e. 750°C here vs. 
700°C in Alvarez etal). 

Although the spectroscopic and/or electronic properties of the produced SWNTs have not yet 
been fully characterized, they can be approximately indexed by laying a vector of length equal to 
the circumference on a graphene sheet (to scale from the diameters shown in FIG. 4), as depicted 

15 in FIG. 6. Nanotubes form different structural types, which can be described by the chiral vector 
(n, m), where n and m are integers of the vector equation R = n»ai + m*a2. While this indexing is 
not unique, FIG. 6 serves to suggest that over the range of Co-MCM-41 pores sizes between 
approximately 1 .9 nm and 2.9 nm, the chiral structures can be scanned from zigzag to armchair, 
thereby potentially sampling both metallic and semiconductive SWNTs. The four synthesized 

20 tube sizes have approximate indices of (7,2), (7,3), (6,5) and (10,0) for respective framework 

pore diameters of 1 .9, 2.2, 2.6 and 2.9 nm (with CIO, C12, C14 and C16 alkyl surfactants used in 
the preparation of Co-MCM-41). The predicted tube diameters calculated from the geometric 
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formula d = (n^ + + nm)^^ (0.0783) are 0.64, 0.70, 0,75 and 0.78 run, respectively, wherein 
the value 0.0783 nm represents the C-C bond length. The calculated diameters are systematically 
greater by 0.01 - 0.02 nm than the diameters determined form nitrogen desorption isotherms. 
The electrical conductivity of semiconducting carbon S WNTs can also be changed by doping 
5 with Group III materials, such as boron, and Group V materials, such as nitrogen. 

The chirality appears to correlate with the wall chemistry, i.e., the concentration of catalytic 
sites in the pores. Lowering the concentration metal ions at the catalytic sites from above 0.5 
wt.% to below approximately 0.1 is expected to shift the balance of produced SWNT from 

10 predominantly metallic to predominantly semiconducting. The achieved separate controllability 
of pore size and pore wall chemistry is hence an important feature for the preparation of SWNT 
with controllable electronic properties. 

The exceptionally xmiform pore size distribution of the catalytic framework and the resulting 
size uniformity of the SWNT appears to be the result of the relative stability of the metal ions 

15 substituted in the framework. The metal ions substitutionally incorporated in the silica 

framework are difficult to remove from the pore walls, thereby advantageously preventing 
sintering of the catalytic sites and the formation of large metal particles even under multiple 
cycling (synthesis of SWNT followed by their oxidative removal) of the Co-MCM-41 under 
reaction conditions. The SWNT size is hence determined by the framework pore size and wall 

20 chemistry rather than by externally introduced metal particle clusters. 

While the invention has been disclosed in connection with the preferred embodiments shown 
and described in detail, various modifications and improvements thereon will become readily 
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apparent to those skilled in the art. Accordingly, the spirit and scope of the present invention is 
to be limited only by the following claims. 
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